Smooth muscle cells of the external longitudinal coat of the guinea pig vas deferens were followed for 480 /p at 4 . 5 -/z intervals. Muscle bundles and fibers interwove, facilitating intermuscular and neuromuscular contacts. The ribbon-or rodlike muscle cells were about 450 Ap long, 3,000 pz in volume, and 4,500 p 2 in area. The thickened nuclear zone lay anywhere along the middle one-third of the cell. Intercellular distances were 500-800 A. Intrusions were rare, and tight-junctions absent. At any level in a field of 80 muscle fibers there were 10-15 nerve bundles, each containing several varicose axons. Bundles and axons divided. Axons, en passage, were frequently within 500-1,000 A of a muscle fiber. En passage close contacts were rate. Axon terminations were bare, and bare axons invariably terminated. Bare terminations had scattered vesicle-laden varicosities and were from 10-60 pL in length, and all ended within 500 A of muscle fibers. Some made close contact with muscle fibers. Less than half of the muscle cells received this close contact, but some cells were approached by more than one termination. Most terminations involved more than one cell. Some cells had little or no innervation. Some groups of cells had a rich innervation. There was very little evidence of sensory innervation. These conclusions are not valid for other smooth muscles.
INTRODUCTION
This work is an attempt to display the morphology of neuromuscular and intermuscular relations in the smooth muscle of the outer longitudinal coat of the guinea pig vas deferens.
Merrillees, Burnstock, and Holman (1963) deduced the density of innervation of the longitudinal muscle in the guinea pig vas deferens from random transverse sections. That analysis depended on the supposition that all muscle fibers and their environments were essentially similar. It was stated that if this were so, the profiles of many fibers in an extensive plane of section would be equivalent to many planes of section through an idealized fiber. The results suggested that not all fibers had close contact (200 A) with an axon, and that it was impossible for each fiber to have close contact with a number of axons. The present work was designed to test these deductions by following individual fibers throughout their lengths. It should be read together with Taxi's (1965) detailed report of a similar investigation of intestinal smooth muscle in the mouse, and with Thaemert's (1966) serial study of frog intestinal muscle.
METHODS
About 1.5 cm of the middle segment of a vas deferens of a large mature guinea pig was immersed without any mechanical restraint in 2.5% osmium tetroxide in Richardson's (1962) modification of Dalton's (1955) buffer. The tough outer part of the serous coat was slit under fixative. After the initial muscular contraction, there was no change in length. The outer muscle fibers were prevented from further shortening during fixation by the mechanical restraint of the hardening deeper tissues. After a few minutes, strips of the surface zone of the outer longitudinal muscle coat were dissected free by taking very small "bites" with stainless watchmaker's forceps and steadily and gently pulling at about 600 from the axis of the vas deferens while cutting connecting filaments. A number of thin threads of muscle tissue were obtained, about 5 mm long and resembling a human hair in thickness. Finding the right area in large sections would have been very difficult, hence the decision to use a very thin strip despite a greater possibility of mechanical damage.
These strips were fixed for 1 hr in cold fixative, dehydrated rapidly through ascending grades of acetone, and embedded in Araldite (Luft, 1961) . For orientation for transverse sectioning, each strip was supported in the axis of a filled capsule by one end being inserted into a hole made by a No. 70 drill in a previously prepared Araldite platform. The most suitable embedment was prepared for sectioning.
The preparation of the block involved only minor modifications of our routine methods. Encapsulated blocks are turned at slow speed in a miniature lathe with a very sharp steel or diamond tool bit or with a glass knife in a suitable holder. An independent-four-jaw chuck is used for off-center specimens. A modified method has been described by Isaac (1964) . Turning produces a small cylindrical projection about 1 mm in diameter containing the tissue on the end of the rod of Araldite, with the shoulders of the rod stepped back so that clear access could be given to the tip (Fig. ) . The block is then placed in a Huxley pattern microtome, and a few sections are taken from the end of the cylinder at right angles to the long axis. The end is thus made transparent, and one may choose with a stereomicroscope the best orientation for sectioning. We have modified the Huxley collet holders by reshaping the front ends to take an indexing or orientation device (Fig. 1 ). This is a snugly fiitting cap which can be rotated around the long axis of the holder. The block projects through the center of the cap, and the cap can be clamped in any position of rotation by the tightening of a small thumbscrew. Four lines are inscribed on the front face of the cap through the axis of the holder at 90°t o each other, and one line is more conspicuous. The direction of this line is used for the purpose of indicating the direction of the cutting stroke through the block face. When the direction of cutting has been chosen, the cap is rotated until the conspicuous line is parallel to this direction and is against the future trailing or upper edge of the block. The cap is then clamped, and the holder is returned to the microtome with the conspicuous trailing line at the "12 o'clock" position. This is satisfactorily achieved in the Huxley microtome by the alignment of the 3 o'clock and 9 o'clock marks on the face of the cap with the slits in the clamping end of the deflecting link which can be seen behind the collet holder when one sights along the latter. Similar orientation devices are now made by other microtome manufacturers. As the serial sectioning was done intermittently over 2 yr, the orientation device was essential because the specimen had to be replaced accurately in the microtome whenever work was resumed. Between sessions, the block in its holder was stored in a dry container.
The device is also essential for trimming in the microtome. The general method is to trim each side of the pyramid in turn, with the knife carrier swung 250 to one or the other side. The specimen holder must be rotated 90°so that the third and fourth sides may be trimmed. It is our custom to form the upper or trailing side of the pyramid at an angle of only 100 to the face. This prevents the "feathering" (rough shearing fractures) sometimes found along the trailing edge of Araldite blocks. Sections are lost if they cling to the rough flexible projections left by the fractures. This routine method is not convenient for extensive serial work because a 250 pyramid is very squat, and sections would rapidly become too wide, necessitating frequent trimming. It is, therefore, essential to have a pyramid that is very narrow from side to side, with sides steeply sloping at about 5°to the long axis of the capsule.
After each trimming, the width of the cutting face of this specimen was less than 150 #u. The length of the block face in the vertical direction was kept considerably greater for backing-support during cutting. For producing the pyramid, the microtome was used as a planing machine would be used to form a rabbet at the edge of a piece of stock (Fig. 1) . The knife carrier was inclined to only 50 from the axis of the microtome. The automatic feed was reduced to zero, and while the specimen arm was rocked up and down through a few mm of arc, the knife was advanced by hand. The left hand corner of the dry troughless knife was driven into the block face 60-70 u to the right of the center of the specimen. Successive 2-p cuts gradually excavated a step or rabbet on the right side of the block to a depth of about 0.25 mm. Thus, the right side of the future pyramid was formed lying flush with the left hand sidewall of the knife. The knife was backed off, inclined 5 to the axis in the other direction, and driven gradually) into the block face to the left of center, thus producing the other side of the pyramid, 0.25 mm tall. In fact, two knives were used for the trimming, broken in such a way that one had a perfect right hand corner and the other a perfect left corner. By the use of a method somewhat similar to that used in trimming, but with the axis of side H A top cC FIGURE 1 Diagrams illustrating the manipulation of the block. A, Trimmed portion of the block containing the specimen is seen from the side, end, and top. Final thin cylinder projects from second last cylindrical step. These were turned in the lathe. Tip of the last cylinder, which contains the specimen as an axial thread, has been trimmed. It shows the trailing facet at 10°to the block face.
B, Proportions greatly exaggerated for clarity. Right hand side of the pyramid has been trimmed. Trimming of left side is half-completed with back of the knife-carrier swung 5°to the right hand side of the mid line. At each small cutting oscillation, left side of the pyramid slides up and down on right side of the knife. Later, with the back of the knife carrier swung back to zero or to left of zero, the vertical grooves used for checking progress would be engraved into left side of the pyramid at 50-p intervals. Block would then be rotated 90°for trimming the leading and trailing facets, and then rotated back again for sectioning.
C, Orientation cap with its locking screw, designed to rotate around, and clamp to end of the cylinder turned on end of the Huxley collet-holder or chuck. Whole assembly can be clamped onto the microtome, with the specimen rotated into the optimum cutting position. the knife carrier not angulated to the axis of the microtome, and by the displacement of the point of the knife slightly sidewa s each time, several vertical lines at 50-,u intervals were engraved into one side of the pyramid. These interval marks were used for checking the progress of the work.
The leading side of the pyramid was made in the same way as the first two. The whole trimming procedure was repeated twice during the course of the work when the pyramid became too squat.
The trailing side of the pyramid was formed by conventional means at only 100 from the plane of the block face. Because of this, it had to be reformed after every 50-70 sections by rotating the chuck 90°, retrimming, and then rotating the chuck back to its cutting position. This would have been very difficult without an orientation device. Very little loss of sections can be tolerated in serial work, and so the matching of new glass knives to the block face must be accurate. Our routine method proved quite satisfactory, and almost always matching was complete within a depth of one to three in-complete thin sections. A similar method has recently been published by Gorycki (1965) , but we do not use a mirror with the Huxley microtome. There is adequate reflection from the knife-holder below the knife-edge. The axis of the microscope must be from 3°to 50 behind the vertical for one to be able to see a little of the block face below the level of the knife-edge when they are a few microns apart. The stereomicroscope SM I made by Nippon Kogaku KK (Shinagawa Co., Tokyo, Japan) is recommended because the tubes are at 300 to the horizontal, greatly aiding relaxation and enabling the microscope to be permanently set at this small backward inclination. A fluorescent lamp, 15 mm in diameter, in a very narrow housing must be beginning to encroach into the field of the microscope under the edge of the objective because it must be as close to the optical axis as possible for securing the best reflection from the concave meniscus of the water. The brilliant reflection of light from the knife onto the block face cannot be seen well until the block has been trimmed by a glass or diamond knife. Then, while using X 40 magnification one can advance the knife-edge to within about 2 p of the block. At this distance, diffraction phenomena produce fringes which distort the image, exaggerating the apparent approach of the two surfaces and making it very easy to see asymmetry. Of course, the wider the block face, the easier it is to detect angulation.
Gold to deep-gold sections approaching 1500 A in thickness (Peachey, 1958) were cut with glass knives on to distilled water containing 1 or 2 drops per liter of an ammoniated household detergent. This reduces the effect of an accidental contamination, so that if chloroform vapor has to be used for salvaging bad sections, there will be less disturbance of the surface of the water. Movement is caused by unequal swellings and contractions of an oily film in the shifting turbulent stream of chloroform vapor.
As each group of ten sections was cut, the group was mounted on a bare 200-mesh copper grid. No attempt was made to orient sections other than to group them in the center of the grid. A record of losses and other defects was kept for each grid. It was estimated that each grid represented very close to a 1.5-u depth of the block. The assessment of distances was correct to within a few microns as each 50-p2 mark on the side of the block was passed.
The sections were stained for 10 min in uranyl nitrate, followed by 10 min in 1:100 Karnovsky's (1961) stain A. Because these were serial sections, contamination could not be tolerated, but our routine method of staining was adequate. The grid, section side down, was applied to the surface of a small drop of distilled water and lifted off, taking with it a hanging lenticular droplet of water. The grid was placed water side down on a small drop of stain on a piece of dental bite-wax in a small covered dish containing some concentrated sodium hydroxide under the wax. The reason for the water droplet manoeuver is that I believe that the worst contamination arises from the contact of a dry section with a contaminating surface film such as lead carbonate. This contact is prevented by the water droplet. When the two convex surfaces of the water and stain droplets come into contact, the surface-film barriers break down at one point, and the two watery media fuse through an expanding pore. The two surfaces become one, stretching from the edge of the floating grid to the wax sheet. The dish is vigorously jiggled for the purpose of mixing the water and stain. Furthermore, the grid, floating at the highest point of the system, is not showered by the precipitating crystals which can always be seen glinting on the surface of the wax after staining. The grid is picked up with a hanging drop and quickly squirted with distilled water for washing away the stain and its surface contamination. Thus, the section is never in contact with any previously contaminated surface film. After this manoeuver, contamination with the hexagonal lead carbonate crystal is very rarely seen. The concentration of uranyl nitrate used is not known, but would be perhaps 20%. A crystal of the highly soluble salt is freshly dissolved in a drop of water on the wax sheet each time.
The relevant portion of the best section in every third grid (i.e., every 30th section 10) was micrographed. Thus, each recorded level was 4.5 4-1.5 z from the next because the sections were about 1500 A thick. The 410 was added because the order of the sections on each grid was not known. They were grouped in the center of the grid, usually not in a ribbon. Thus, the study was a serial sampling at roughly 4.5-,u intervals. When necessary, levels at closer intervals were examined, i.e. each grid instead of every third, and occasionally, several sections on a grid if there were more than one suitable for recording. In a few cases, the chosen grid was not used because the required area of all sections was damaged or obscured by a grid bar, and, therefore, the grid next above or below was used. Generally, there were one to three suitable sections on each grid, and, occasionally, five to six. There were, however, more sections obscured by intersecting grid bars than would be expected from chance. This was probably caused by the influence of the grid bars and spaces on surface tension or, perhaps, on electrostatic forces just before the grids dried.
The levels were micrographed at a magnification of X4,000, printed at a final magnification of X 13,000, mounted as 18 x18-inch montages, and assembled in accordion-pleated book form. Recorded levels were given the number of the grid from which each was taken. Level 230 was arbitrarily chosen as a safe "half-way point" during the progress of the work (level 160 proved in fact to be the middle of the series) and each muscle profile included in the montage at level 230 was given a number. Each muscle fiber profile was given the same number at each level above and below this until it dropped out. Thus, only muscle fibers passing through level 230 were numbered. Nerve trunks were followed from level to level with colored stickers.
Sectioning was continued for a depth of 480 p. This distance required a total of 3,200 sections, and it was divided into 320 levels, 110 of which were recorded.
OBSERVATIONS
There was no evidence of loss of nerve fibers due to the "stripping" method used to dissect the specimen. In fact, there was much internal evidence that little or nothing had been lost. If trunks had been wrenched out of the specimen, the remains of small trunks would have been found in its depths with no connection to the exterior: it would not be possible to pull, from a fixed specimen, the entire system of a small trunk, with either its terminal ramifications or its anstomoses with other trunks. The friction of the beaded trunks in the minute crevices between the muscle fibers would cause the trunk to break near the surface. In all cases, the small trunks passed to the periphery of the block. There were no gaps in the diagrammatic reconstruction of the plexus of trunks. There was no doubt about the paths of any of the small or large trunks. It can be seen from the figures that there was no disruption of the normal relations of the muscle cells apart from a slight shrinkage, which was probably a fixation artefact.
Muscle Fibers
A group of about 30 muscle fibers in an easily recognizable compact bundle was chosen for study. It lay at the corner of the block where the serous surface was intersected by a plane of dissection. This small bundle, however, quickly lost its identity in demonstrating two important features of smooth muscle: neighboring bundles frequently anastomose, and the relative positions of neighboring muscle fibers change because of losses and gains of fibers within the group. Towards the end of the study, the zone containing the survivors of the original 30 cells was spread through a field of 80. Fig. 2 is a portion of level 309 and is fairly representative of the true quality of the tissue. Preservation was reasonably good, but there was some shrinkage and cutting-compression. The shrinkage caused a little separation between cells at all levels. The compression varied from level to level and tended to cause elliptical profiles. There was a prefixation compression of many of the fibers which happened to coincide with the cutting compression. Unfixed fibers probably comply readily with compressing forces, and fixed fibers retain the shapes imposed at the time of fixation.
Sometimes a muscle fiber had a patchy loss of filaments through several levels. This is commonly seen inosmium tetroxide-fixed smooth muscle anct is probably caused by some regions of myofilaments shrinking more than the surrounding muscle mass. This causes the myofilaments to tear apart, leaving empty areas along the fiber (lower fibers, Fig. 2 ). The way in which the specimen was dissected may have added to this damage, but there seemed to be no more than one might expect from this type of fixation.
Size and Shape of Muscle Fibers
Five muscle fibers (Nos. 8, 19, 34, 69, and 76) were totally included within the series of sections, and at least nine others were probably almost totally included (Table I ). The shortest fiber (No. 8) was 380 ; nine of the first 14 fibers in Table I were not less than 440 u, and the longest was greater than 465 although incomplete.
Few fibers had a regular polyhedral profile in cross-section and the shapes changed considerably from level to level. The cells were evidently squeezed into any available space, and shapes were a matter of chance. Transverse sections were polyhedral or triangular, or even extremely flattened ellipses. The ellipses were not due to obliquity of fibers because the flattened profiles were retained for many levels in the same position relative to neighboring fibers.
The section under "Level 94" in Table I gives approximate dimensions of the profiles of 19 fibers at that level where there was little cuttingcompression.
Six fibers had their nuclei close to this level: the distances are indicated. The relation of level 94 to the lengths of the cells can also be seen in Fig. 3 . Those fibers cut closest to their nuclei had a cross-sectional area of about 15 2, but at a distance from the nucleus the cross-sectional areas 798 THE JOURNAL OF CELL BIOLOGY VOLUME 37, 1968 FIGURE 2 Portion of level 309 showing the quality of the block. Not all sections were as good as this. Arrow indicates direction of movement of block during cutting. External surface of muscle coat and a subserous cell are below. Crystalline bodies (cr) in the latter are similar to those seen in the perineural epithelial cells of large subserous nerve trunks noticed in the course of the work outside the chosen area. Numbered muscle fibers are labeled. Magnification is as used in montage: X 13,000. varied considerably. The column for major and minor axes of the profiles shows that a value for the diameter of a fiber may be misleading if used to derive the surface area or the volume, or the distance from the center to the nearest surface. A rough estimate of the surface areas of the five complete cells was made by measuring the perimeters of the profiles at 13.5-p intervals along the lengths of the cells and by using these measurements for the purpose of plotting the positions for the open circles in Fig. 4 . The area enclosed between the abscissa and the lines joining the corresponding open circles for each fiber represents the approximate surface area of that fiber in pu 2 . In addition, a rough estimate of the volume of each cell was made by measuring the crosssectional areas of each fiber at the same intervals and using these to plot the positions for the solid circles in Fig. 4 . Areas enclosed below these circles represent the approximate volume of each fiber.
Throughout this study, cross-sectional areas were derived from the weights of traced profiles cut from drawing paper.
These values for area and volume are included in Table I , but Fig. 4 is also included because it shows how dimensions fluctuate along the fibers. 
Relations Between Cells
For most of their surface, the smooth muscle cells of the vas deferens are separated from their neighbors by a basement membrane-filled gap of about 500-800 A. Shrinkage increased the separation in this study ( -.
-
-I. .
. Table II , was responsible for all the 500-A approaches shown for five muscle fibers. At that level, the fibers were clustered closely around the ending. Yet at level 230 (Fig. 21 ) these muscle fibers were dispersed.
FIunRE 5 An intrusion (I) into one muscle fiber (M 1 ) from another (M 2 ). The stalk of the intrusion was confined to one section and was, therefore, less than 0.15 p in diameter. This group of fibers was just outside the territory of the numbered muscle fibers. X 40,000.
showed none. Intrusion of a process of one cell into another cell was rare in this specimen. The deduction (Merrillees et al., 1963 ) that in the vas deferens the intrusion is attached to the parent cell by a very narrow stalk was proved by the serial sections. The intrusions were small, less than 1 ; the stalks were confined to single sections ( Fig. 5 ) and were therefore, about 0.15 p in diameter. Because the distances between recorded levels were several times greater than the intrusions, a number of the latter would have been missed. Because of this and their rarity in this very small sample, an analysis of intrusions was not made. Furthermore, the unpublished opinion in this laboratory is that intrusions are more common after asphyxia and maltreatment of the tissue. The tight junctions caused by asphyxia in the cerebral cortex (Van Harreveld and Malhotra, 1967) are probably a related artefact. Muscle cells began and ended against the sides of their neighbors, sometimes in a gutter or even a tunnel. Very rarely (two instances only, involving fibers 46 and 51 with unnumbered fibers), the end of one fiber interdigitated with the beginning of the next.
The muscle fibers interwove to a small, but very important extent. The result was that, as each fiber was followed from end to end, it became
Nerves
Nerve trunks were well preserved, but shrinkage increased the distances between trunks and muscle fibers by a small amount.
The grounds plexus consisted of repeatedly branching and anastomosing small trunks. Axons branched within the trunks, but because it was often impossible to follow the paths of individual axons amongst the changing axon profiles from level to level it is not known whether any anastomosed again. It was not always possible to see whether there had been a transfer of axons at anastomoses of trunks. When a branch left one trunk and joined another, or when two trunks came together for a short distance and then parted, the trunks and branches each contained several axons, and this confused the paths of individual fibers. Fig. 9 is part of an extensive, diagrammatic, two-dimensional display of the complete plexus and shows some of the branching and anastomosing trunks between levels 200 and 300. The position of each trunk across the diagram is a matter of convenience only, and indicates neither the trunk's original three-dimensional relations nor its true inclination to the long axis of the block. The letters against the trunks in Fig. 9 are at level 230 and correspond to the letters against some of the trunks in Fig. 21 . At the level of the arrows (level 263), the two trunks indicated made contact. At upper left, trunk A made contact with the remainder of the system of trunks (not shown) lying between levels 200 and 300. Several of the branches in Fig. 9 were terminal, and each of these 802 THE JOURNAL OF CELL BIOLOGY VOLUME 7. 1968 contained one axon. The terminal branches in this segment all passed in one direction except for the two very short ones, but in other parts of the plexus, terminals were found running in either direction. Commonly, the trunks changed their relative positions very little over long distances until, approaching an anastomosis, they changed direction more abruptly. Terminal branches diverged sharply. The tendency of the nerves to pursue straight courses is not shown well in Figs. 6-8 . Each of the panels in those figures is centered on fiber No. 19, so that there is a displacement of each panel relative to the axis of the specimen to compensate for the drift of No. 19. The trunks cannot be seen against the whole background of the block in such small fields, and there is a 13.5-p step between each panel.
Large trunks tended to break into fasciculi, but each fasciculus was ensheathed in extensions from the same Schwann cell (Figs. 10-13 ). These fasciculi sometimes fused again, giving, in a single section through the area, a false impression of overlapping extensions from two Schwann cells.
The territory in Fig. 9 contains one of only three Schwann cell nuclei found in the whole study (thickened line lower right). In any one level, there were usually between ten and 15 nerve trunk profiles; yet only three Schwann cell bodies were found in a cylinder of tissue nearly 500 L long and 30 p in diameter. The total length of the extensions of each of these Schwann cells must have been several thousands of microns.
Only one large trunk was found in the study area (Figs. 10-13 ). It was probably not a very effective part of the ground plexus because the axons were rarely closer than 2000 A to a muscle fiber, their varicosities rarely contained many vesicles, and collagen filaments were conspicuous between the trunk and the surrounding muscle.
Axons
The study revealed little about events along individual axons. Steps of 4.5 p between recordings lost so much in continuity that it was not always possible to relate events from level to level. Thus, the paths of individual axons in trunks could not be followed because of sudden relative displacements of axons, caused particularly by the thrusting aside of one axon by varicosities on another. Varicosities could not be assigned to particular axons, and undoubtedly many were missed in the 4.5-p steps between recordings.
The axons were typical varicose autonomic fibers. The varicosities were from 0.5 to 0.75 in diameter, and the thin intervaricosity segments were 0.1-0.2 in diameter. Sometimes the varicosity immediately before the division of an axon was about 1 pu in diameter. The lengths of varicose and intervaricose segments could not be estimated, because, when there was a varicose profile in each of two neighboring levels, there may have been an intervaricosity segment in the 4.5 j between levels, and, of course, the two profiles may have been on two different axons unless there was only one axon in the "trunk."
All axons were more or less encased in Schwann cell cytoplasm until close to their physical terminations when they invariably become naked. The extent, in the axial direction, of the bare areas of axon, i.e. portions incompletely covered by Schwann cell, could not be estimated. Generally, the varicosities were partly exposed, whereas the thin intervaricose segments were often submerged. None of the axons contained granular vesicles resembling the Type II vesicles of the rat (Grillo and Palay, 1962 ), but that is because the granules are very poorly preserved in the guinea pig vas deferens by simple osmium fixatives (Merrillees et al., 1963) . They are better preserved by aldehydes or permanganates (Richardson, 1966) .
Neuromuscular Relations
Axons terminated as Richardson (1962) predicted from his observations. Single axons left small trunks and, after courses of few or many microns, lost their Schwann sheaths. Being solitary, the individual axon could, of course, be followed with ease. Each naked axon, again after a short or long course, ended (i.e., failed to appear in subsequent levels) as a terminal varicosity in a small space between muscle fibers, or in a shallow depression in the surface of a muscle fiber. In the latter case, there was a considerable area of fairly uniform separation of about 200 A between the plasma membranes of nerve and muscle, and this defines a "close contact" (Figs. 14 and 15 ). The bare terminations had the same structure as the covered axons: some were very short with one bare varicosity, others were long with a number of swellings. One very long bare termination lay between muscle cell No. 69 and an unnumbered cell, making repeated close contacts in a gutter with first one cell and then the other for a total distance of 60 u.
In this study, every axon that became completely naked was about to terminate.
En passage close contacts of an axon with a muscle cell, where the axon was not about to terminate and was still partly covered by Schwann sheath, were rare, but they did occur (Figs. 16 and 17) .
En passage separations of 500 A, with basement membrane filling the space, were more frequent. With the common methods of processing, such as the one used here, some of these 500-A separations tend towards close contact because crenated plasma membranes can cause displacement of damaged basement membrane, permitting small areas of one plasma membrane to approach the other.
The great majority of the trunks contained only two or three axons (Figs. 18-20) . A very few contained up to six or seven, but all these appeared to be equally capable of any en passage innervation thatmayexist. The larger trunk (Fig. 10 ) appeared to be isolated by collagen.
Axon Terminations
25 true terminations of axons were found. These terminals were less than 0.2 from 67 muscle fiber surfaces, and, of these 67 episodes, 57 involved distances of 500 A or less. Of these 57 episodes, 45 involved 27 numbered muscle fibers. This ratio of 45 to 27 means that some muscle fibers were approached more than once. An analysis of the 80 numbered muscle fibers showed that, for axonapproaches of 500 A or less, within the limits of the volume of tissue examined (wherein many muscle fibers were incompletely included), 53 fibers had no such approaches, 16 had , six had two, three had three, and two fibers had four (Fig. 21) . The number of terminations involved in these 45 approaches to 27 marked fibers was only 24, because some of the terminations were within 500 A of several muscle fibers at once. In fact, only three terminations were unshared.
In other words, some of the numbered muscle fibers were involved with more than one termination, and likewise, some of the latter were involved with more than one numbered muscle fiber.
Some close approaches of axon to muscle consist of a 500-A separation of plasma membranes with intervening basement membrane. Others, the "close contacts" defined above, involve separations of 200 A or less with no basement membrane between. Others, which may have been sections through the edges of unseen close contacts lying between the recorded planes of section, are spoken of here as "almost close contacts" because the separation of plasma membranes varied from point to point: in some places, a fragment of basement membrane intervened and in others it was absent; but most of the gap varied from 200 to 300 A.
Of the 27 numbered fibers involved in the 45 approaches by nerve terminations to within 500 A or less, eight had close contacts, eight nerve terminations being involved. A further five of the 27 had "almost close contacts," and, because fiber No. 46 had two "almost close contacts," there were six nerve terminations involved. Table II shows that 12 unnumbered muscle fibers (those that did not pass through level 230) were also involved in approaches of terminations to separations of 500 A or less. All these terminations except one, however, were also involved with numbered fibers. The exception (Figs. 14 and 15 ) terminated in close contacts through levels 19 to 22 on two unnumbered fibers which occupied positions at those levels corresponding roughly to that occupied by fiber 29 at level 230 (Fig. 21) .
The positions of terminations along the lengths of some muscle fibers are included in Fig. 3 . The close contacts tended to be in the nuclear region. Fig. 21 shows that at level 230 the central area of the field is the most richly innervated by terminations. In spite of rearrangements of fibers at lower levels, this concentration of favored fibers was generally maintained throughout the block, 
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THE JOURNAL OF CELL BIOLOGY -VOLUME 37, 1968 FIGURE 6 FIGURE 7 See legend on p. 804. because, although some fibers of this favored group changed places with more peripheral ones, much of their mingling was within the group amongst themselves. Thus, the innervated fibers Nos. 2, 8, and 9, separated from each other at level 230 (Fig. 21) , were in contact with each other at level 55.
Innervation en Passage
The innervation described above refers to that derived only from physical terminations of axons. For the purpose of assessing a possible innervation by axons en passage, the longest muscle fibers were chosen and their nervous environment within 0.5 p was charted (Fig. 22) . Each spot in the figure is related only to the linear representation of the muscle fiber next below. Each spot records the distance of the nearestpoint of an axon to the muscle fiber regardless of whether it was a bare area of axon or not, whether it was a varicosity or not, and whether terminal or en passage. This seems justifiable because axon-Schwann cell relations changed so much from level to level and because varicosities of 1 pu are small in relation to the 4.5-/ distances between levels. Thus, many bare areas and varicosities must have been missed, and, for each thin intervaricosity-segment recorded close to a muscle fiber, there was probably a partly bare varicosity either just below or above it.
Most muscle fibers were close to axons for long distances, but fiber No. 9 had few and fiber 21 had no nerve approaches. Fiber 9, however, had a close contact. Fig. 23 gives an idea of the density of "innervation" of all muscle fibers that passed through level 230. Approaches by axons to within 1000 A or less were recorded for all 80 numbered fibers at all recorded levels, i.e. at 4.5-u intervals throughout the block. Fig. 23 includes en passage and termination episodes, and the preterminal en passage episodes along axons about to terminate. All approaches were given an equal value. The number of approaches scored for each fiber was given a certain density of shading. "No approaches" is shown by no shading, one to four approaches by the lightest shading; then in ascending order of density are represented five to nine, ten to 19, 20 to 29, 30 to 39, 40 to 49, and finally 50 to 75 approaches.
The diagram has some limitations because fibers with only a short part of their lengths included in the study can be expected to have a low score.
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FIGURES 10-13 The nerve trunk that lay between fibers No. 69 and 42 at level 230 is seen here at levels 139, 166, 214, and 217. The five bundles in level 139 are reduced to one containing the Schwann cell nucleus at level 166 in Fig. 11 . By level 214, the trunk has broken into six bundles, but is again reduced to one bundle made up of three portions of Schwann cell at level 217 without any bundles having left the trunk. X 17,500.
But it is valuable for those fibers known to be largely included (Table I ) and as a supplement to Fig. 21 . The impression that it gives of patches of high and low density, although suspect for some individual fibers because they were incompletely included, is, therefore, biased towards areas of low density. It is, nevertheless, broadly true for the general picture of innervation in this specimen.
The included lengths of all numbered muscle fibers to within 25 A can be derived from Table  III . If desired, a corrected density diagram could be constructed with these lengths as percentages FIGURES 14 and 15 A bare terminal branch of an axon made close contact with two muscle fibers close to fiber No. 19 by varicosities vl and v2. In Fig. 14 (level 19) , the thin intervaricosity segments (A) lay partly in the plane of section. Extensions of both varicosities ran parallel to the long axis of the muscle fibers into level 21 (Fig. 15) , and v 2 continued into level 22. This apparent branching was not seen in any other ending. X 40,000.
of a probable average length of about 450 ,. This would, however, show densities that would reflect whether the included segment contained an area of high or low innervation in the patchy innervation characteristic of most fibers. An artificial density half-way up the range of densities could be assigned to fibers that are not almost totally included, with, perhaps, better effect.
Sensory Axons
No evidence concerning sensory innervation was found. In routine sections of smooth muscle, an occasional axon varicosity is seen packed with mitochondria, and it resembles the axons found in various peripheral sensory receptors (3, 4, 11, 14) . Only one profile with an unusual concentration of mitochondria was found near fiber No. 41 (level 190, Fig. 24) . At other levels, however, this axon was so like the other axon in the trunk that they were indistinguishable, and, because of the large steps between levels, it was not possible to say which axon was which in other levels. This small trunk arose from the anastomosis at level 227 of trunks A and B in level 230 (Figs. 9 and 21 ). There was further contact with another system of trunks at level 205 (Fig. 9, top left) . Apart from the profile in level 190, the components of all these trunks resembled those of any other small trunk in the tissue; e.g. the same small trunk that contained the profile in question is quite unremarkable at level 188 (Fig. 25) and at all other levels except 190.
One of these two axons ended in close contact (Fig. 17 ) the axon was cut through a varicosity packed with small vesicles and was making a rare en passage close contact with the lower unnumbered muscle cell. There is a commoner type of approach to the unnumbered muscle fiber to the right, with 500 A of basement membrane intervening. X 40,000.
sensory axon terminating within the trunk, but it could equally well be due to a terminating efferent axon turning from the long axis of the block at a right angle and becoming lost between two levels. Furthermore, the varicosity containing the mitochondria (Fig. 24 ) also had a number of large granulated vesicles resembling the Type I vesicles of the rat (Grillo and Palay, 1962) , commonly found in axons thought to be efferent.
DISCUSSION
The work leaves a number of questions unanswered, but it was designed, within the limitations of the methods available at the beginning of 1964, to favor only those investigations which seemed likely to have much chance of success. Even with sections 1-3 A thick, cut from plasticembedded material, the light microscope cannot clearly resolve many of the relatively gross features in a tightly packed mass of smooth muscle cells. Cell profiles less than 1 to a few microns wide, separated by 500-800 A of basement membrane, do not have sharp enough density gradients in stain or mass to give anything but fuzzy or obscured outlines with either conventional or phase-contrast microscopy. Under oil immersion, a 1-p profile is only 1.2 mm in diameter when examined for optimum resolution. That is inconveniently small for measurements and for sharp photomicrographic recording. Electron microscopy was essential, but with strict limitations on the area of tissue examined. Thus, no attempt was made to mount single sections on each grid, or to mount ribbons of sections on films on large-aperture supports. Mounting single sections is very laborious, large supporting films are frequently broken, and the task of recording several thousand sections would have been too great. Inevitable losses would have made a lengthy serial study impossible, and even more tissue might have been lost than in the simple compromise adopted. Thus, when the work was complete the losses were negligible, but, in many cases, the identity of individual axons could not be followed across the 4.5-p steps from level to level. Taxi (1965) also chose a serial sampling method for the study of the mouse intestinal muscle, whereas Thaemert (1966) , using the inner layer of the external muscle coat of the frog duodenum, followed individual axons by serial section and reconstruction.
The fixative seemed to be the best compromise. Our results with aldehydes at that time were poor. Moreover, higher magnification and larger montages would have been necessary because aldehydes cause less leaching and make low power micrographs difficult to interpret. Richardson's (1966) report that potassium permanganate preserves the granules in axonal vesicles much better than does osmium tetroxide came later. Even so, demonstrating granular vesicles would have been of little value if individual axons could not be identified over long distances. Unless some trunks contained only granular or only nongranular axons, a study of random fields of permanganatefixed material would have been equally useful.
For statistical significance, the study would have had to include a much greater volume of tissue and also tissue from a number of adult individuals. This was quite impractical and, therefore, it seemed unnecessary to continue after a few fibers had been totally included. Thus, noninnervated fibers like No. 21 may equally well be rare or common.
The observations, therefore, although accurate for individual fibers, can only indicate the probable state of affairs in the outer longitudinal muscle coat of the guinea pig vas deferens. They cannot be applied to other organs or species: perhaps not even to the circular muscle coat of the guinea pig FIGURE 23 Reduced tracing of numbered muscle fibers at level 30. The density of shading represents the known "innervation" of that portion of each fiber that was included in the study. Explanation in text.
vas deferens. Thaemert (1963) reported a few close neuromuscular contacts in the longitudinal muscle layer of the rat intestine, rather more in the circular layer, and still more in the rat bladder. Taxi (1965) , however, found no close neuromuscular contacts in either coat of the intestine of mouse, rat, and guinea pig. Similarly, Bennett and Rogers (1967) found only remote en passage innervation in the guinea pig taenia coli. Thaemert (1966) reconstructed extensive close-contact innervation from his serial study of the circular muscle coat of the frog intestine. Richardson (1962) found a rich innervation in the outer muscle coat of the rat vas deferens, and my impression from random sections of the same tissue is that the innervation is much richer than in the guinea pig. Furthermore, my impression of the outer coat of the vas deferens in the rat is that the muscle fibers interweave more, and that bundles tend to be broken up by very oblique fibers; the latter are rarely seen in the guinea pig. It was explained by Merrillees, Burnstock, and Holman (1963) that longitudinal sections are difficult to interpret and that, therefore, transverse sections were chosen, it being claimed that, provided each fiber and its environment conformed to an idealized type, the random profiles through many overlapping muscle fibers in transverse section would be similar to an equally large number of sections through a single muscle fiber. Generally, their conclusions are confirmed here except that there are more neuromuscular approaches than they had thought, because they had not allowed for the interweaving of the muscle fibers and because they were uncertain about the identity of a few very small profiles between the muscle fibers. Several of these profiles were probably intervaricosity segments of bare terminations. It seems to be still true, however, that in this surface region of the guinea pig vas deferens, at depths commonly penetrated by microelectrodes, perhaps less than half of the muscle fibers have a 200-A close contact with the termination of a branch of an axon. From Table I and Fig. 3 , it can be seen that only four of the 14 totally, or almost totally included fibers had close contact with an ending and two had "almost close contact."
Furthermore, some fibers have little or no "innervation" by axons en passage in the terms defined by Bennett and Merrillees (1966) who suggested that a distance of about 1000 A is the limit at which transmitter released by a varicosity can influence the permeability of a muscle cell, and that release of transmitter at 1000-A distance is 200 times less effective than the same quantity released at 200-A distance. Fig. 21 shows that there were no endings making close or almost close contacts with numbered muscle fibers in the bottom left portion of the block. There was, in fact, only the branched ending (Figs. 14 and 15, levels 19 and 21) which made contact with the two unnumbered fibers. The close approaches tend to be in a diagonal zone across the center of the block (Fig. 21) . This indicates that, at least in this small sample, the innervation by terminations was patchy.
In smooth muscle physiology, there is the concept of the "effector" (Bennett and Burnstock, 1968 ): a bundle of smooth muscle, greater than 100 A in diameter, with electrical coupling between 816 THE JOURNAL OF CELL BIOLOGY VOLUME 37, 1968 the individual cells, is driven by the spread of activity from favored cells that lie close to points of transmitter-release within the bundle or, in the case of the arterial media, at its surface. The morphology of effectors in different organs varies, no doubt depending on functional requirements that are not yet understood. In the guinea pig alimentary tract, there are no close contacts between nerve and muscle, but there are many close and tight junctions between muscle cells within the bundles.
In the outer longitudinal coat of the guinea pig vas deferens, on the other hand, there are close contacts between nerve endings and some of the muscle cells, whereas close and tight junctions are rare or absent.
It will be necessary to investigate these patterns in any organ subjected to experiment.
This study gives the impression that neuromuscular relations are a matter of chance: they depend on the course of any small nerve trunk in the vicinity, on whether an axon branch happens to terminate locally, and on the course of that termination. The result is that some fibers are more favored than others.
